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ShK toxin: history, structure and therapeutic 
applications for autoimmune diseases 


Shih Chieh Chang,?* Saumya Bajaj, K. George Chandy? 


Abstract 


Stichodactyla toxin (ShK) is a 35-residue basic peptide from the sea anemone Stichodactyla helianthus that blocks 
a number of potassium channels. An analogue of ShK called ShK-186 or Dalazatide is in human trials as a thera- 


peutic for autoimmune diseases. 


History 


Stichodactyla helianthus is a species of sea anemone 
(Phylum: Cnidaria) belonging to the family Stichodac- 
tylidae. Helianthuscomes from the Greek words Helios 
meaning sun, and anthos meaning flower, which corre- 
sponds to S. helianthus common name "sun anemone". 
It is sessile and uses potent neurotoxins for defense 
against its primary predator, the spiny lobster." The 
venom contains, among other components, numerous 
ion channel-blocking peptides. Figure 1 shows key 
milestones in the discovery of ShK and its development 
into a therapeutic for autoimmune diseases. In 1995, a 
group led by Olga Castaneda and Evert Karlsson iso- 
lated ShK, a potassium channel-blocking 35-residue 
peptide from S. helianthus.”! The same year, William 
Kem and his collaborator Michael Pennington synthe- 
sized and folded ShK, and showed it blocked neuronal 
and lymphocyte voltage-dependent potassium chan- 
nels.2! In 1996, Ray Norton determined the three-di- 
mensional structure of ShK."! In 2005-2006, George 
Chandy, Christine Beeton and Michael Pennington de- 
veloped ShK-170 and ShK-186, selective blockers of 
Ky1.3.6181 ShK-186, now called Dalazatide, was ad- 
vanced to human trials in 2015-2017 by Shawn ladonato 
and Eric Tarcha, as the first-in- man Ky1.3 blocker for au- 
toimmune disease.” 
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Structure 


ShK is cross-linked by three disulfide bridges: Cys3- 
Cys35, Cys12-Cys28, and Cys17-Cys32 (Figure 2). The 
solution structure of ShK reveals two short a-helices 
comprising residues 14-19 and 21-24; the N-terminal 
eight residues adopt an extended conformation, fol- 
lowed by a pair of interlocking turns that resemble a 310 
helix; the C-terminal Cys35 residue forms a nearly head- 
to-tail cyclic structure through a disulfide bond with 
Cys3. “189100121221 Figure 3 shows the three-dimen- 
sional structure of ShK with key residues, in addition to 
the structures of related peptides: MMP-23’s ShK do- 
main, BmK1 (from the filarial worm), and ShK-192 (an 
analogue of ShK-186), and the homology model of ShK- 
EWSS. 


Phylogenetic relationships of Shk 
and ShK domains 


The SMART database at the EMBL, as of May 2018,"?! 
lists 3345 protein domains with structural resemblance 
to ShK in 1797 proteins (1 to 8 domains/protein), many 
in the worm Caenorhabditis elegans and venomous 
snakes. 41051617108] The majority of these domains are 
in metallopeptidases, whereas others are in prolyl 4-hy- 
droxylases, tyrosinases, peroxidases, oxidoreductases, 
or proteins containing epidermal growth factor-like do- 
mains, thrombospondin-type repeats, or trypsin-like 
serine protease domains. 4J45146127128] The only human 
proteins containing ShK-like domains are MMP-23 (ma- 
trix metalloprotease 23) (Figure 3) and MFAP-2 (micro- 
fibril-associated glycoprotein 2)./4!45126107108) 
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H,N-Arg-Ser-Cys-Ile-Asp-Thr-Ile-Pro-Lys-Ser-Arg-Cys-Thr-Ala-Phe-Gln-Cys-Lys-His-Ser-Met-Lys-Tyr-Arg-Leu-Ser-Phe-Cys-Arg-Lys-Thr-Cys-Gly-Thr-Cys-OH 


Figure 4 | Schematic diagram of the primary structure of the ShK peptide highlighting the three disulfide (-S—S-) linkages. 


EWSS-ShK MMP23-ShK BmK1 


ShK-192 


Figure 2 | Clockwise from top-left: NMR solution structure of the ShK toxin™!; Two views of the surface representation of ShK 
highlighting basic (blue) and acidic (red) residues; NMR structures of ShK-192, BmK1, MMP23-ShK, and homology model of 
EWSS-ShkK. 

#AceK1 


AcK1 
Table 1 compares the sequence of ShK with related 


: ae MMP-23 ShK domain 
peptides from other sea anemones, parasitic worms 


TpsK1 
and human MMP-23’s ShK domain; conserved resi- re - 
AceK2 


dues are highlighted. Figure 4 shows the sequence Se 

similarity tree of these peptides; the tree was gen- gary 

erated by NCBI's Constraint-based Multiple Align- res 

ment Tool (COBALT). Kaliseptine 
AsTx 

BesTx2 
Channel targets oBgK 
—— 


The ShK peptide blocks potassium (K*) ion channels an re 
Ky1.1, Kv1.3, Kv1.6, Kv3.2 and Kca3.1 with nanomolar ay 

to picomolar potency, and has no effect on the ae 

HERG (Kv11.1) cardiac potassium channel (Table a, Dee 

2).!912°1 The neuronal Kv1.1 channel and the T lym- ic dope seicueedin Saks 
phocyte Kv1.3 channel are most potently inhibited Deca 

by Shk."! #9 Aetx-k 
Kappa-thalatoxin-Cad2a, CaK 


Kappa-thalatoxin-Tas2a 


ShK binding configuration in K* channels 
Kappa-stichotoxin-Sgt4a 
Shtx-k 

ShK 

SmK 


ShK and its analogues are blockers of the channel 
pore. They bind to all four subunits inthe K* channel 0.5 
tetramer by interacting with the shallow vestibule 
at the outer entrance to the channel pore (Figure 
5).DIBIPINZIZ22I091 These peptides are anchored in Figure 3| Sequence similarity tree between ShK and related peptides 


the external vestibule by two key interactions. generated with NCBI's Constraint-based Multiple Alignment Tool 
(COBALT). 
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Table 2 | Sequence comparison of ShK with related peptides from other sea anemones, parasitic worms and human MMP23’s 


ShK domain. 
Toxin Sequence Toxin Name Accession # Species 
RSCIDTIPKSRCTAFQ----CKHSMKYRLSF--CRKTCGTC = ShK E2S063 Stichodactyla helianthus 
RTCIDTIPKSRCTAFQ----CKHSMKYRLSF--CRKTCGTC — Kappa-thalatoxin-Tas2a E2S066 Heterodactyla hemprichi 
RSCIDTIPQSRCTAFQ----CKHSMKYRLSF--CRKTCGTC — Kappa-stichotoxin-Sgt4a E2S061 Stichodactyla gigantea 
RTCIDTIPKSRCTAFQ----CKNSMKYRLSF--CRKTCGTC — Kappa-thalatoxin-Cad2a, Cak  E2S064, Cryptodendrum adhaesivum 
RTCKDLIPVSECTDIR----CRTSMKYRLNL--CRKTCGSC — Kappa-stichotoxin-Hmgla 016846 Heteractis magnifica 
RTCKDLMPVSECTDIR----CRTSMKYRLNL--CRKTCGSC = HmK AAB97830 Heteractis magnifica 
RSCIDTIPQSRCTAFQ----CKHSMKYRLSF--CRKTCGTC = Shtx-k AB595205 Stichodactyla haddoni 
RACKDYLPKSECTQFR----CRTSMKYKYTN--CKKTCGTC = Aetx-k AB259113 Anemonia erythraea 
RSCIDTIPKSRCTAFQ----CKHSMKYRLSF--CRKTCGTC = =SmK AB595206 Stichodactyla mertensii 
VCRDWFKETACRHAKSLGNCRTSQKYRAN---CAKTCELC — BgK, Kappa-actitoxin-Bgria P29186 Bunodosoma granuliferum 
ACKDGFPTATCQHAKLVGNCKNSQKYRAN---CAKTCGPC — Kappa-actitoxin-Bcs3b, BcsTx2_ COHJC3 Bunodosoma caissarum 
ACIDRFPTGTCKHVKKGGSCKNSQKYRIN---CAKTCGLC — Kappa-actitoxin-Bcs3a, BcsTx1 = COHJC2 Bunodosoma caissarum 
RNCIDRFPTGTCKQVKKGGSCKNSDKYRMN---CRKTCGLC —U-actitoxin-Avd9a, AvTx1 PODNOO Anemonia viridis 
HDCFDSFKEATCHMAKTNRLCKTSAKYQIN---CKKTCGLC —U-actitoxin-Avd9d, AvTx8 PODNO3 Anemonia viridis 
HDCFDRYREAACTSDNIRLLCKTSAKYQIN---CKKSCGLC —_U-actitoxin-Avd9b, AvTx7 PODNO1 Anemonia viridis 
RNCFDRFEKGTCKMAKRNGACEWSDKYEMN---CKKTCGLC —U-actitoxin-Avd9c, AvTx PODNO2 Anemonia viridis 
GCKDNFSANTCKHVKANNNC-GSQKYATN---CAKTCGKC — Kappa-actitoxin-Aeq4a, AeK P81897 Actinia equina 
ACKDNFAAATCKHVKENKNC-GSQKYATN---CAKTCGKC Kaliseptine OQ9TWG1 Anemonia sulcata 
RECKDNFAAATCKNVKENQNC-GSQKYATN---CAKTCGKC As Tx ALL34526 Anemonia sulcata 
CEDLNAH--CEMWQQLGHCQYSPKYMGHY --CKKACGLC BgmaK1 XM_001897715 Brugia malayi 
CEDKHQF --CCFWAYYGECDKNAKFMKSL--CQKSCGTC = TpsK1 FG349967 Trichinella pseudospiralis 
CCDKHKS~--CAHWAANNECKKNPKWMLAN--CQRSCEVC — aceK2 CB276250 Ancylostoma ceylanicum 
CADEKNFD-CRRSLRNGDCDNDDKLLEMGYYCPVTCGFC AceK1 CB176310 Ancylostoma ceylanicum 
CADEKNFD-CRRSLRNGDCDNDDKLLEMGYYCPVTCGFC AcK1 DW718422 Ancylostoma caninum 
CVDKNLF--CGYWAKIGECKTESKFMKIF--CKQSCHLC S§rk5 FC810604 Strongyloides ratti 
CLDRLFV--CASWARRGFCDARRRLMKRL--CPSSCDFC ~=MMP-23 ShK domain CAB38176 Homo sapiens 


Table 1 | ICso values for block of potassium channels by ShK and related peptides. ND = not done. 


Channel ShK ShK-186 ShK-192 ShK-EWSS ShK-F6CA ShK-198 MMP-23 ShK domain 
(ICs0) (ICs0) (ICs0) (ICs0) (ICs0) (ICs0) (ICs0) 

Kyv1.1 16-28pM 7nM 22 nM 5.4nM 4nM 159 pM 49 uM 

Ky1.2 10 nM 48 nM ND >100 nM >100 nM ND >100 uM 

Ky1.3 10-16 pM 70pM 140 pM 34pM 48 pM 41 pM 2.8 uM 

Ky1.6 200 pM 18 nM 10.6 nM ND ND ND 400 nM 

Ky3.2 5nM 20 nM 4.2 nM ND ND ND 49 uM 

Kca3.1 30 nM 115 nM >100nM >100nM ND ND >100 uM 
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The first is Lys22, which protrudes into 
and occludes the channel’s pore like a 
"cork in a bottle" and blocks the pas- 
sage of potassium ions through the 
channel pore (Figures 3 and 
5). (2123112211191 The second is the neigh- 
boring Tyr23, which together with 
Lys22 forms a “functional dyad” re- 
quired for channel block. !®!9122123109) 
Many K* channel-blocking peptides 
contain such a dyad of a lysine and a 
neighboring aromatic or aliphatic resi- 
due.1912°1 Some K*channel-blocking 
peptides lack the functional dyad, but 
even in these peptides a lysine physi- 
cally blocks the channel, regardless of 
the position of the lysine in the peptide 
sequence.'“! Additional interactions 
anchor ShK and its analogues in the ex- 
ternal vestibule and contribute to po- 
tency and selectivity. @9I22I2129IFor example, Argl1 
and Arg29 in ShK interact with two Asp386 residues in 
adjacent subunits in the mouse Ky1.3 external vestibule 
(corresponds to Asp433 in human Ky1.3). 219221(2311291 


ShK analogues that block the Kv1.3 channel 


Several ShK analogues have been generated to en- 
hance specificity for the Ky1.3 channel over the neu- 
ronal Ky1.1 channel and other closely related channels 
(Table 2). 


ShK-Dap”: This was the first analogue that showed 
some degree of specificity for Kv1.3. The pore-occluding 
lysine? of ShK is replaced by diaminopropionic acid 
(Dap) in ShK-Dap”.!2125] Dap is a non-natural lysine 
analogue with a shorter side chain length (2.5 A from 
Ca) than lysine (6.3 A).2°! Dap”? interacts with residues 
further out in the external vestibule in contrast to ly- 
sine, which interacts with the channel's selectivity fil- 
ter.”2] As a consequence, the orientations of ShK and 
ShK-Dap”? in the external vestibule are significantly dif- 
ferent.”7] ShK-Dap” exhibits >20-fold selectivity for 
Ky1.3 over closely related channels in whole-cell patch 
clamp experiments,®! but in equilibrium binding assays 
it binds Ky1.1-Ky1.2 heterotetramers with almost the 
same potency as ShK, which is not predicted from the 
study of homotetrameric Kv1.1 or Kv1.2 channels.!°! 


ShK-F6CA: Attaching a fluorescein to the N-terminus 
of the peptide via a hydrophilic AEEA linker (2-ami- 
noethoxy-2-ethoxy acetic acid; mini-PEG) resulted in a 
peptide, ShK-F6CA (fluorescein-6-carboxyl), with 100- 
fold specificity for Kv1.3 over Ky1.1 and related chan- 
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Figure 5 | Docking configuration of EWSS-ShK in Kv1.3. For clarity, only two of the 
four Kv1.3 subunits in the tetramer are shown. Lys22 is shown protruding into the 
pore and interacting with the channel's selectivity filter. 


nels.'27] Attachment of a tetramethyl-rhodamine or a bi- 
otin via the AEEA linker to ShK’s N-terminus did not in- 
crease specificity for Kv1.3 over Kv1.1."7! The enhanced 
specificity of ShK-F6CA might be explained by differ- 
ences in charge: F6CA is negatively charged; tetra- 
methylrhodamine is positively charged; and biotin is 
neutral.7] Subsequent studies with other analogues 
suggest that the negatively charged F6CA likely inter- 
acts with residues on the turret of the Kv1.3 channel as 
shown for ShK-192 and ShK-EWSS (Figure 5). 


ShK-170, ShK-186, ShK-192 and ShK-EWSS: Based 
on ShK-F6CA additional analogues were made. Attach- 
ing a L-phosphotyrosine to the N-terminus of ShK via 
an AEEA linker resulted in a peptide, ShK-170, with 100- 
1000-fold specificity for Kv1.3 over related channels. 
ShK-186 [a.k.a. SL5; a.k.a. Dalazatide] is identical to 
ShK-170 except the C-terminal carboxyl is replaced by 
an amide. ShK-186 blocks Kv1.3 with an ICso of 69 pM 
and exhibits the same specificity for Kv1.3 over closely 
related channels as ShK-170 (Table 2)."°! The L-phos- 
photyrosine of ShK-170 and ShK-186 rapidly gets 
dephosphorylated in vivo generating an analogue, ShK- 
198, with reduced specificity for Kv1.3 (Table 2).128191 
To overcome this problem, ShK-192 and ShK-EWSS 
were developed. In ShK-192, the N-terminal L-phos- 
photyrosine is replaced by a non-hydrolyzable para- 
phosphonophenylalanine (Ppa), and Met21 is replaced 
by the non-natural amino acid norleucine to avoid me- 
thionine oxidation (Figure 3, Table 2).!9?9! In ShK- 
EWSS, the AEEA linker and L-phosphotyrosine are re- 
placed by the residues glutamic acid (E), tryptophan (W) 
and two serines (S) (Figures 3 and 5, Table 2)."7! Both 
ShK-192 and ShK-EWSS are highly specific for Kv1.3 
over related channels. 


fC) 


ShK-K18A: Docking and molecular dynamics simula- 
tions on Ky1.3 and Kv1.1 followed by umbrella sampling 
simulations, paved the way to the selective Kv1.3 inhib- 
itor ShK-K18A.°° 


ShK-related peptides in parasitic worms: AcK1, a 51- 
residue peptide from hookworms Ancylostoma caninum 
and Ancylostoma ceylanicum, and BmK1, the C-terminal 
domain of a metalloprotease from filarial worm Brugia 
malayi, adopt helical structures closely resembling 
ShK.24! AcK1 and BmK1 block Ky1.3 channels at nano- 
molar-micromolar concentrations, and they suppress 
rat effector memory T cells without affecting naive and 
central memory T cell subsets.?) Further, they sup- 
press IFN-g production by human T cells and they in- 
hibit the delayed type hypersensitivity response caused 
by skin-homing effector memory T cells.°"! Teladorsa- 
gia circumcincta is an economically-important parasite 
that infects sheep and goats. TcK6, a 90-residue protein 
with a C-terminal ShK-related domain, is upregulated 
during the mucosal dwelling larval stage of this para- 
site.°2] TcK6 causes modest suppression of thapsigar- 
gin-triggered IFN-g production by sheep T cells, sug- 
gesting that the parasite use this protein for immune 
evasion by modulating mucosal T cells.°?! 


Extending circulating half-life of ShK 
peptides 


Due to their low molecular mass, ShK and its analogues 
are prone to rapid renal elimination. In rats, the half-life 
is ~6 min for ShK-186 and ~11 min for ShK-198, with a 
clearance rate of ~950 ml/kg-min.?°! In monkeys, the 
half-life is ~12 min for ShK-186 and ~46 min for ShK- 
198, with a clearance rate of ~80 ml/kg-min.7®! 


PEGylation of ShK: Conjugation of polyethylene glycol 
(PEG) to ShK[OQ16K], an ShK analogue, increased its 
molecular mass and thereby reduced renal clearance 
and extended plasma half-life to 15 hin mice and 64h 
in cynomolgus monkeys.@2 PEGylation can also de- 
crease immunogenicity and protect a peptide from pro- 
teolysis and non-specific adsorption to inert surfaces. 
PEGylated ShK[Q16K] prevented adoptive-transfer ex- 
perimental autoimmune encephalomyelitis in rats, a 
model for multiple sclerosis.“ 


Conjugation of ShK to larger proteins: The circulating 
half-life of peptides can be prolonged by coupling them 
to larger proteins or protein domains.[9!21R4) By 
screening a combinatorial ShK peptide library, novel 
analogues were identified, which when fused to the C- 
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termini of lgG1-Fc retained picomolar potency, effec- 
tively suppressed in vivo delayed type hypersensitivity 
and exhibited a prolonged circulating half-life.2*! 


Prolonged effects despite rapid plasma clearance: 
SPECT/CT imaging studies with a 1 In-DOTA- 
conjugate of ShK-186 in rats and squirrel monkeys re- 
vealed a slow release from the injection site and blood 
levels above the channel blocking dose for 2 and 7 days, 
respectively.”°! Studies on human peripheral blood T 
cells showed that a brief exposure to ShK-186 was suf- 
ficient to suppress cytokine responses.”®! These find- 
ings suggest that ShK-186, despite its short circulating 
half-life, may have a prolonged therapeutic effect. In 
rats, the peptide is effective in treating disease in ani- 
mal models of autoimmune diseases when adminis- 
tered once a day to once in 3 days.!*! In humans, subcu- 
taneous injections twice a week are sufficient to ame- 
liorate disease in patients with plaque psoriasis." 


Peptide delivery 


The low molecular mass of ShK and its analogues, com- 
bined with their high isoelectric points, makes it un- 
likely that these peptides will be absorbed from the 
stomach or intestine following oral administration. 
Sub-lingual delivery is a possibility. A fluorescent ShK 
analogue was absorbed into the blood stream at phar- 
macological concentrations following sublingual ad- 
ministration with a mucoadhesive chitosan-based gel, 
with or without the penetration enhancer cetrimide.°° 
Delivery of the peptide as an aerosol through the lung, 


or across the skin, or as eye drops are also possibili- 
ties 271881391 


Modulation of T cell function 


During T cell-activation, calcium enters lymphocytes 
through store-operated CRAC channels (calcium re- 
lease activated channel) formed as a complex of Orai 
and Stim proteins.°ll44) The rise in intracellular calcium 
initiates a signaling cascade culminating in cytokine 
production and proliferation. “44 The Ky1.3 K*channel 
and the calcium-activated Kca3.1 K* channel in T cells 
promote calcium entry into the cytoplasm through 
CRAC by providing a counterbalancing cation ef- 
flux. 29140111 Blockade of Kv1.3 depolarizes the mem- 
brane potential of T cells, suppresses calcium signaling 
and IL-2 production, but not IL2-receptor expres- 
sion, 4211431 4145146] K13 blockers have no effect on ac- 
tivation pathways that are independent of a rise in in- 
tracellular calcium (e.g. anti-CD28, IL-2).!7!"*9] Expres- 
sion of the Ky1.3 and Kca3.1 channels varies during T cell 
activation and differentiation into memory T 


Naive T Tom Tem 
CD3* CD3* CD3* 
CCR7* CCR7* CCRT 
CD45RA* CD45RA- CD45RA- 
K,1.3 250 250 250 
Tem 
Kea3-1 5 5 35\ 
K,1.3 blocker suppress 
[Je 1 blocker: no om | 
Activated 
K/1.3 300 300 1500 
K,.3-1 500 500 50 


K,1.3 blocker: no effect 
Ko,3.1 blocker: suppress 


Re-Activated 


Figure 6 | Expression of Kv1.3 and KCa3.1 channels during T cell activation and 
memory T cell generation. The numbers represent functional channel numbers per T 
cell determined by whole cell patch clamp. The effect of specific blockade of Kv1.3 or 
KCa3.1 on T cell proliferation is shown. TCM = Central memory T cell. TEM = Effector 
memory T cell. TEMRA = Effector memory T cell that has reacquired CD45RA. 


cells. 2901471481 When naive T cells and central 
memory T cells (Tcm) are activated they upregulate 
Kca3.1 expression to ~500 per cell without significant 
change in Kv1.3 numbers (Figure 6).{°¢0NG71%8) |, 
contrast, when terminally differentiated effector 
memory subsets (Tem, Temra [T effector memory re-ex- 
pressing CD45RA)) are activated, they upregulate Ky1.3 
to 1500 per cell without changes in Kca3.1 (Figure 
6) 940141147148] The Ky1.3 channel number increases 
and the Kca3.1 channel number decreases as T cells are 
chronically activated.“ °Ul47148149] As a result of this dif- 
ferential expression, blockers of Kca3.1 channels prefer- 
entially suppress the function of naive and Tcw cells, 
while ShK and its analogues that selectively inhibit 
Ky1.3 channels preferentially suppress the function of 
chronically-activated effector memory T cells (Tew, 


Temra) [19][40][41][47][48] 


Of special interest are the large number of ShK ana- 
logues developed at Amgen that suppressed interleu- 
kin-2. and interferon gamma_ production by T 
cells.“"This inhibitory effect of Kv1.3 blockers is partial 
and stimulation strength dependent, with reduced in- 
hibitory efficacy on T cells under strengthened anti- 
CD3/CD28 _—stimulation.6°! —— Chronically-activated 
CD28" effector memory T cells are implicated in auto- 
immune diseases (e.g. lupus, Crohn’s disease, rheuma- 
toid arthritis, multiple sclerosis). SUG2I631641 


Blockade of Ky1.3 channels in these chronically-acti- 
vated T cells suppresses calcium signaling, cytokine 
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Tempra nl A . 

CD3* terleukin-2, interleukin 17), and cell 

CCR7- proliferation. S1as1291B0H01421471148) 
CD45RA* 


Effector memory T cells that are 
CD28* are refractory to suppression 
by Kv1.3 blockers when they are co- 
stimulated by anti-CD3 and anti- 
CD28 antibodies, but are sensitive 
to suppression when stimulated by 
anti-CD3 antibodies alone."®! In 
vivo, ShK-186 paralyzes effector- 
memory T cells at the site of an in- 
flammatory delayed type hypersen- 
sitivity response and prevents these 
T cells from activating in the in- 
flamed tissue.©* In contrast, ShK- 
186 does not affect the homing and 
motility of naive and Tcmcells to and 
within lymph nodes, most likely be- 
cause these cells express the Kca3.1 
channel and are therefore pro- 
tected from the effect of K,1.3 
blockade. !°! 


ShK effects on 
microglia 


Kv1.3 plays an important role in microglial activa- 
tion. Pell571158159] ShK-223, an analogue of ShK-186, de- 
creased lipopolysaccharide (LPS) induced focal adhe- 
sion formation by microglia, reversed LPS-induced inhi- 
bition of microglial migration, and inhibited LPS- 
induced upregulation of EH domain containing protein 
1 (EHD1), a protein involved in microglia trafficking.!°! 
Increased Ky1.3 expression was reported in microglia in 
Alzheimer plaques.!© Ky1.3 inhibitors may have use in 
the management of Alzheimer’s disease, as reported in 
a proof-of-concept study in which a small molecule 
Ky1.3 blocker (PAP-1) alleviated Alzheimer’s disease- 
like characteristics in a mouse model of AD.!©! 


Efficacy of ShK analogues in animal 
models of human diseases 


Experimental autoimmune encephalomyelitis (EAE), 
a model for multiple sclerosis 


ShK, ShK-Dap*2, ShK-170 and PEGylated ShK-O16K 
prevent adoptive-transfer EAE in Lewis rats, a model of 
multiple sclerosis.°/"4 Since multiple sclerosis is a re- 
lapsing-remitting disease, ShK-186 and ShK-192 were 


fC) 


evaluated in a relapsing-remitting EAE model in DA 
(Dark Agouti) rats. Both prevented and treated disease 
when administered once a day to once in three 
days.49181291 Thus, Kv1.3 inhibitors are effective in 
treating disease in rat models of multiple sclerosis when 
administered alone, !671(641t6>1(6611671168] and therapeutic ef- 
fectiveness does not appear to be compromised by 
compensatory over-expression of Kca3.1 channels.#91l69] 


Pristane-induced arthritis (PIA), a model for rheu- 
matoid arthritis 


ShK-186 was effective in treating PIA when adminis- 
tered every day or on alternate days. SISI55I28] A scor- 
pion toxin inhibitor of Kv1.3 was also effective in this 
model.) In both these studies, blockade of Kyv1.3 alone 
was sufficient to ameliorate disease and simultaneous 
blockade of Kca3.1 was not necessary as has been sug- 
gested. !491l71) 


Rat models of atopic dermatitis 


Most infiltrating T-cells in skin lesions from patients 
with moderate-to-severe atopic dermatitis (AD) ex- 
press high levels of Ky1.3, suggesting that inhibitors of 
Ky1.3 may be effective in treating AD.'”!Ovalbumin- 
induced delayed type hypersensitivity and oxazolone- 
induced dermatitis are considered to be models of 
atopic dermatitis. 717317417516] ShK, ShK-170, ShK-186, 
ShK-192 and ShK-IgG-Fc were all effective in the oval- 
bumin-induced delayed type hypersensitivity 
model, HsIsISs1281291135117211751(761077178117S11801181] while a top- 
ical formulation of ShK-198 was effective in treating ox- 
azolone-induced dermatitis.'”7) Even where compensa- 
tion by Kca3.1 channels was reported to over-ride Kv1.3 
block, ShK administered alone suppressed delayed type 
hypersensitivity significantly in 2 of 3 studies, albeit 
modestly. 9! 


Psoriasis 


Psoriasis is a severe autoimmune disease of the skin 
that afflicts many people worldwide. Despite the suc- 
cess of recent biologics in ameliorating disease, there is 
still a search for safe and effective drugs for psoriasis. 
Kv1.3 inhibitors (ShK, PAP-1) have been reported to 
treat disease in psoriasiform (psoriasis-like) SCID (se- 
vere combined immunodeficiency) mouse model.'®! In 
a Phase 1b placebo-controlled clinical study in patients 
with plaque psoriasis, ShK-186 administered twice a 
week (30 or 60 mg/dose/patient) by subcutaneous injec- 
tion caused improvements with a statistically signifi- 
cant reduction in their PASI (Psoriasis Area and Severity 
Index) score between baseline and day 32." These pa- 
tients also exhibited reduced plasma levels of multiple 
inflammation markers and decreased expression of T 
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cell activation markers on peripheral blood memory T 
cells. 


Diet-induced obesity and fatty liver disease 


Obesity and diabetes are major healthcare problems 
globally. There is need for safe drugs for these meta- 
bolic diseases. In a mouse model of diet-induced obe- 
sity, ShK-186 counteracted the negative effects of in- 
creased caloric intake. It reduced weight gain, adipos- 
ity, and fatty liver; decreased blood levels of choles- 
terol, sugar, HbA1c, insulin, and leptin; and enhanced 
peripheral insulin sensitivity.'®?! Genetic deletion of the 
Kyv1.3 gene has the same effect, indicating that ShK- 
186’s effect is due to Ky1.3 blockade. #1718518! At least 
two mechanisms contribute to ShK-186's therapeutic 
benefits. The high calorie diet induced Ky1.3 expression 
in brown fat tissues.'*?! By blocking Kv1.3, ShK-186 dou- 
bled glucose uptake and increased B-oxidation of fatty 
acids, glycolysis, fatty acid synthesis and uncoupling 
protein 1 expression by brown fat.'®?! As a consequence 
of brown fat activation, oxygen consumption and en- 
ergy expenditure were augmented.'*! The obesity diet 
also induced Kv1.3 expression in the liver, and ShK-186 
caused profound alterations in energy and lipid metab- 
olism in the liver. ShK, its analogues or other Kyv1.3 
blockers may have use in controlling the negative con- 
sequences of high calorie diets. 


Arousal and anesthesia 


The mechanisms of general anesthesia involve multiple 
molecular targets and pathways that are not com- 
pletely understood.®” Sevoflurane is a common anes- 
thetic used to induce general anesthesia during sur- 
gery.'°” Rats continually exposed to sevoflurane lose 
their righting reflex as an index of loss of consciousness. 
In these rats, microinfusion of ShK into the central me- 
dial thalamic nucleus (CMT) reversed sevoflurane-in- 
duced anesthesia in rodents.®7 ShK-treated rats 
righted themselves fully (restored consciousness) de- 
spite being continually exposed to sevoflurane.®” ShK- 
microinfusion into neighboring regions of the brain did 
not have this effect.” Sevoflurane enhanced potas- 
sium currents in the CMT, while ShK and ShK-186 coun- 
tered this effect.) These studies suggest that ShK- 
sensitive K* channels in the CMT are important for sup- 
pressing arousal during anesthesia. 


Preventing brain damage following therapeutic 
brain radiation 


Brain radiation is used to treat tumors of the head, 
neck, and brain, but this treatment carries a significant 
risk of neurologic injury. Injury is, in part, due to the ac- 
tivation of microglia and microglia-mediated damage 


fC) 


of neurons. Neuroprotective therapies for radiation-in- 
duced brain injury are still limited. In a mouse model of 
brain radiation, ShK-170 reversed neurological deficits, 
and protected neurons from radiation-induced brain in- 
jury by suppressing microglia.°*! 


Toxicity of ShK and its analogues 


ShK and ShK-Dap”? 


ShK peptide has a low toxicity profile in mice. ShK is ef- 
fective in treating autoimmune diseases at 10 to 100 
mg/kg bodyweight. It has a median paralytic dose of ap- 
proximately 25 mg/kg bodyweight (250-2500 higher 
than the pharmacological dose). In rats the therapeutic 
safety index is greater than 75-fold. ShK-Dap* dis- 
played a lower toxicity profile.'®! A 1.0 mg dose did not 
induce any hyperactivity, seizures or mortality in rats. 
The median paralytic dose for ShK-Dap” is about 200 
mg/kg bodyweight (2000-20000 higher than pharma- 
cological dose).'*! PEGylated ShK[Q16K] showed no ad- 
verse toxicity in monkeys over a period of several 
months.) 


ShK-186/Dalazatide 


ShK-186 also displays a low toxicity profile in rats. Daily 
administration of ShK-170 or ShK-186 (100 pg/kg/day) 
by subcutaneous injection over 4 weeks in rats does not 
induce any changes in blood counts, blood chemistry or 
histopathology. !/&ll25! By virtue of suppressing only Tem 
and Temra cells, ShK-186 did not compromise protective 
immune responses to influenza virus and chlamydial in- 
fection in rats, most likely because naive and Tew cells 
unaffected by Kv1.3 blockade mounted effective im- 
mune responses.©*! ShK-186 is poorly immunogenic 
and did not elicit anti-ShK antibodies in rats repeatedly 
administered the peptide."®! This is possibly because the 
peptide’s disulfide-bonded structure hinders pro- 
cessing and antigen presentation by antigen-present- 
ing cells. ShK-186 also shares sequence and structural 
similarity to a ShK-like domain in matrix metalloprote- 
ase 23,24I05126127108) which may cause the immune sys- 
tem to assume it is a normal protein in the body. ShK- 
186 was safe in non-human primates. In Phase 1a and 
1b trials in healthy human volunteers, ShK-186 was well 
tolerated, no grade 3 or 4 adverse effects or laboratory 
abnormalities were noted, and the predicted range of 
drug exposures were achieved.” The most common ad- 
verse events were temporary mild (Grade 1) hypoesthe- 
sia and paresthesia involving the hands, feet, or perioral 
area. Mild muscle spasms, sensitivity of teeth, and in- 
jection site pain were also observed."! 
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Functions of ShK-like domains in 
proteins 


MMP-23 and its ShK domain 


MMP-23 belongs to the family of zinc- and calcium-de- 
pendent matrix metalloproteases. It is anchored in the 
cell membrane by an N-terminal prodomain, and it con- 
tains three extracellular domains: catalytic metallopro- 
tease domain, ShK domain and immunoglobulin-like 
cell adhesion molecule (Ig-CaM) domain.4!45126107108] 
The prodomain traps the voltage-gated potassium 
channel Kv1.3, but not the closely related Kv1.2 channel, 
in the endoplasmic reticulum. 4/251261271481 Studies with 
chimeras suggest that the prodomain interacts with the 
Kyv1.3 region from the S5 transmembrane segment to 
the C terminus. 4!/45126127128] NMR studies of the prodo- 
main reveal a single trans-membrane alpha-helix, 
joined by a short linker to a juxta-membrane alpha-he- 
lix, which is associated with the surface of the mem- 
brane. 4145146171118] The prodomain shares topological 
similarity with proteins (KCNE1, KCNE2, KCNE4) 
known to trap potassium channels in the secretory 
pathway, suggesting a shared mechanism of channel 
regulation. 24)45I0612718] WMP-23’s catalytic domain dis- 
plays structural homology with catalytic domains in 
other metalloproteases, and likely functions as an en- 
dopeptidase. MMP-23’s ShK domain lies immediately 
after the catalytic domain and is connected to the lIg- 
CAM domain by a short proline-rich linker. It shares 
phylogenetic relatedness to sea anemone toxins and 
ICR-CRISP domains, being most similar to the BgK toxin 
from sea anemone  Bunodosoma _ granulif- 
era. “4115116111718] This ShK domain blocks voltage-gated 
potassium channels (Kv1.6 > Kv1.3 > Kv1.1 = Kv3.2 > 
Ky1.4, in decreasing potency) in the nanomolar to low 
micromolar range."*! Ky1.3 is required for sustaining 
calcium signaling during activation of human T 
cells. 29°47) By trapping Kv1.3 in the endoplasmic re- 
ticulum via the prodomain, and by blocking the Kv1.3 
channel with the ShK domain, MMP-23 may serve as an 
immune checkpoint to reduce excessive T cell activa- 
tion during an immune response. In support, increased 
expression of MMP-23 in melanoma cancer cells de- 
creases tumor-infiltrating lymphocytes, and is associ- 
ated with cancer recurrence and shorter periods of pro- 
gression-free survival.!”] However, in melanomas, ex- 
pression of MMP-23 does not correlate with Ky1.3 ex- 
pression, suggesting that MMP-23’s deleterious effect 
in melanomas may not be connected with its Kv1.3 
channel-modulating function.” MMP-23‘s C-terminal 
IgCAM domain shares sequence similarity with IgGCAM 
domains in proteins known to mediate protein-protein 
and protein-lipid interactions (e.g. CDON, human 


Brother of CDO, ROBO1-4, hemicentin, NCAM1 and 
NCAM2). 4105126127118] In summary, the four domains of 
MMP-23 may work synergistically to modulate immune 
responses in vivo. 


Mab7, a worm protein containing a ShK domain 


In male Caenorhabditis elegans worms, the absence of a 
protein called Mab7 results in malformed sensory rays 
that are required for mating.'°! Introduction of Mab7 
into these male worms restores normal development of 
normal sensory rays.!*! Introduction of Mab7 proteins 
lacking the ShK domain does not correct the defect of 
sensory rays, suggesting a role for the ShK-domain of 
Mab7 in sensory ray development.!°! 


HMPz2 and PMP%z, proteins containing ShK-like do- 
mains 


HMP2 and PMP-1 are astacin metalloproteinases from 
the Cnidarian Hydra vulgaris and the jellyfish Podo- 
coryne carnea that contain ShK-like domains at their C- 
termini.!9!28! Both these ShK-domains contain the crit- 
ical pore-occluding lysine required for K* channel 
block.*! HMP2 plays a critical role in foot regeneration 
of Hydra,"®*! while PMP1 is found in the feeding organ of 
the jelly fish and the ShK-domain may paralyze prey af- 
ter they are ingested."®! 


Additional information 


Conflicts of Interest 


The author, Shih Chieh Chang, is an inventor of EWSS- 
ShK. Saumya Bajaj has declared no potential conflicts 
of interest. K. George Chandy developed ShK-186 and 
co-authored multiple publications on ShK-186. Kineta 
Inc. has licensed a patent on ShK-186 from the Univer- 
sity of California and is developing this peptide (via 
Kv1.3 therapeutics) as a therapeutic for autoimmune 
diseases. 


Human and animal Subjects 


This article does not contain any studies with human or 
animal subjects. 
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